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Supplementary Experimental Procedures
Media, strains and plasmids S. cerevisiae strains were grown at 30°C either in yeast extract-peptone-dextrose (YPD) media (1% Bacto yeast extract (Becton Dickinson), 2% Bacto peptone (Becton Dickinson) and 2% glucose), or in synthetic dropout (SD) media (0.67% Difco yeast nitrogen base without amino acids (Becton Dickinson), 2% glucose and supplemented with the appropriate amino acid dropout mix. For the CAN1 inactivation assay, plates were prepared in SD media lacking arginine (Arg), supplemented with 60 mg/L canavanine (Sigma). 5-FOA plates were done in SD media lacking uracil supplemented with 1 g/L 5-FOA and 50 mg/L uracil.
Antibiotics were used at the following final concentrations: 200 µg/mL geneticin (Santa Cruz Biotechnology), 300 µg/mL hygromycin B (Thermo Fisher Scientific) and 100 µg/mL nourseothricin (clonNAT, Werner BioAgents). The DNA damaging agent hydroxyurea (HU) (H8627, Sigma) was used at 200 mM final concentration.
Specific rnr1 mutations were introduced at the chromosomal RNR1 locus by pop-in/pop-out strategy and the presence of the desired mutations, as well as the absence of unwanted mutations, were confirmed by sequencing.
For the RNR1 random mutagenesis screen we generated low-copy number RNR1-WT expression plasmids used to complement rnr1Δ mutant strains. For this, a 3.6 kb NotI-KpnI fragment from pHHB424 (containing WT-RNR1 including promoter and terminator) was subcloned into the NotI-KpnI digested pRS316 or pRS315 (21) generating pHHB560 and pHHB561, respectively (Supplementary Table S8 ).
The RNR1 random mutagenesis screen was done in HHY6555 (MATa ura3-52 leu2∆1 trp1∆63 hom3-10 his3∆200 lys2-10A rnr1::kanMX4 exo1::hphNT1 lig4::HIS3 + pHHB560), which was complemented by pHHB560 (WT-RNR1-URA3) plasmid. To generate HHY6555, we inactivated the LIG4 gene (to prevent non-homologous end joining events) with a HIS3 cassette in RDKY5964 (MATa ura3-52 leu2Δ1 trp1Δ63 hom3-10 his3Δ200 lys2-10A) (19) and crossed with HHY1941 (MATα ura3-52 leu2Δ1 trp1Δ63 hom3-10 his3Δ200 lys2-10A exo1::hphNT1). In the resulting diploid strain one of the two RNR1 alleles was replaced by a kanMX4 cassette, amplified from pFA6a-kanMX4. The heterozygous diploid strain was transformed with pHHB560 (pRS316-RNR1) and sporulated to obtain HHY6555 (MATa ura3-52 leu2∆1 trp1∆63 hom3-10 his3∆200 lys2-10A rnr1::kanMX4 exo1::hphNT1 lig4::HIS3 + pHHB560). HHY6124 (MATa ura3-52 leu2∆1 trp1∆63 hom3-10 his3∆200 lys2-10A rnr1::kanMX4 exo1::hphNT1 + pHHB560) and HHY6551 (MATa ura3-52 leu2∆1 trp1∆63 hom3-10 his3∆200 lys2-10A rnr1::kanMX4 + pHHB560), which were used for further analysis, were generated following a similar strategy.
To integrate rnr1 alleles into the RNR1 chromosomal locus, we first generated pHHB424, an integrative URA3 plasmid containing the WT-RNR1 gene. To generate pHHB424, the RNR1 gene (including promoter and 3' UTR) was amplified from genomic DNA with primers 5'-CAG CTC AGT CAC ATG AGA C-3' and 5'-GCG CAT CCT GGG AAT CTA-3'. The PCR product was digested with KpnI and partially digested with BglII, gel extracted and cloned into KpnI and BamHI digested pRS306 (21), resulting in pHHB424, containing the WT-RNR1 gene including 786 nt before ATG and 135 nt after RNR1 STOP codon. Next, pHHB424 was used to generate derivative plasmids containing specific rnr1 mutations (by site-directed mutagenesis or subcloning) (Supplementary Table S8 ). Integrative plasmids were linearized before transformation with BglII (or Bsu36I for pHHB718 and pHHB752). To label chromosomally-integrated rnr1 mutant alleles, a HIS3 cassette was amplified from pRS303 
Construction of an rnr1 mutation library
To generate an rnr1 mutant library, the RNR1 gene was amplified from pHHB424 (pRS306-RNR1) using primers 5'-CGA TTC ATT AAT GCA GCT GGC-3' and 5'-GCA AGT GTA GCG GTC ACG C-3' with standard Taq polymerase (New England Biolabs), which lacks proofreading function, for 12 cycles under standard conditions in 52 independent reactions. PCR reactions were pooled and purified using Gel Extraction Kit (Qiagen). RNR1 PCR products together with a 6 kb DNA fragment, obtained after digesting pHHB561 with HindIII and NotI, followed by gel extraction, were co-transformed into HHY6555 for in vivo gap repair.
Transformants containing the gap-repaired plasmids were selected by growth on SD plates lacking leucine (Leu) and replica plated on SD plates lacking Leu but containing 5-FOA, to select for the loss of pHHB560 (WT-RNR1-URA3) using plasmid shuffling.
Screening for mutator phenotypes, plasmid rescue and identification of rnr1 mutations
Colonies obtained after plasmid shuffling (Leu + + 5-FOA R ) were replica-plated on SD media lacking threonine (Thr) or lysine (Lys) or lacking Arg but supplemented with canavanine, to screen for increased mutator phenotypes in the hom3-10, lys2-10A and CAN1 inactivation assay, respectively (16,24). Plates were incubated at 30°C for 3 days to allow growth on the mutator plates. Colonies resulting in increased papillation on at least two mutator assays (or growing in a cluster with many small canavanine R (Can R ) colonies) were re-tested for mutator phenotype. Clones that after re-testing still presented an increased mutator phenotype, were inoculated for DNA extraction followed by plasmid rescue after electroporation into Escherichia coli Top10F'.
Plasmids were prepared using Miniprep Kit (Qiagen) and transformed into competent HHY6214. Cells were grown on SD media lacking Leu, followed by plasmid shuffling on SD media lacking Leu, but containing 5-FOA. Transformants after plasmid shuffling were tested for mutator phenotype using all three mutator assays. Plasmids that reproducibly increased the mutator phenotype were sequenced to identify rnr1 mutation(s) ( Table 1 and   Supplementary Table S8 ). Plasmids conferring mutator phenotype in an exo1Δ background (HHY6214) were also transformed in an EXO1-WT background (HHY6551), selected on 5-FOA and tested for mutator phenotype.
Yeast cell lysates and immunoblotting
S. cerevisiae whole-cell protein extracts were generated as previously described (19) and were analyzed on 4-15% Mini-PROTEAN TGX precast gels (Bio-Rad) followed by immunoblotting. The following antibodies were used: rabbit polyclonal anti-Rnr1 (1:40,000, AS09576, Agrisera), rabbit polyclonal anti-Rnr2 (1:30,000, AS09575, Agrisera) and anti-Rnr3
(1:1,000, AS09574, Agrisera). The rat monoclonal YL1/2 antibody (YL1/2, 1:40,000, Sigma) was used to probe against tubulin and Rnr4. Tubulin was used as loading control.
Horseradish peroxidase (HRP)-linked to donkey anti-rabbit IgG (NA934, GE Healthcare) and HRP-linked to goat anti-rat IgG (401416, Calbiochem) were used as secondary antibodies at a dilution of 1:10,000. Western blots were developed using Immobilon Western Chemiluminscent HRP substrate (Millipore) and imaged using a Fusion Solo S System (Vilber).
Live-cell imaging of Pms1-GFP foci
Exponentially growing cells were washed, resuspended and placed on agar pads, covered 
Mutation rate analysis
The hom3-10 and lys2-10A frameshift reversion assays and the CAN1 inactivation assay were used to quantify mutation rates by fluctuation analysis, as previously described (16,24).
For fluctuation analysis of plasmid-borne rnr1 alleles, strains were grown in SD media lacking Leu to select for the mutant rnr1 plasmid. Mutation rates were determined using two independent clones and at least 14 independent cultures. The 95% confidence intervals were calculated for all fluctuation tests.
CAN1 and URA3 mutation spectra analysis CAN1 mutation spectra analysis was performed as previously described (17). To determine the URA3 mutation spectra caused by the rnr1-I262V,N291D mutation, we generated two isogenic strains (HHY6634 and HHY6635) in which we replaced the ura3-52 allele by a WT- (DNASTAR) and mutations were annotated in the URA3 sequence. URA3 spectrum was compared to WT URA3 mutation spectrum reported by (42). Full CAN1 and URA3 mutation spectra for the reported strains are available upon request.
Supplementary Figures
Supplementary Figure S1 . RNR1 mutagenesis screen reveals mutations causing exo1Δ-dependent and exo1Δ-independent mutator phenotypes. (A) Schematic representation of the rnr1 mutagenesis screen. In brief, PCR-mutagenized RNR1 was co-transfected with a linearized plasmid (CEN6, ARSH4, LEU2) in HHY6555 for in vivo gap repair. To select for loss of the WT-RNR1-URA3 plasmid cells were replica-plated on media containing 5-FOA and subsequently screened for increased mutagenesis using three mutator assays (hom3-10 and lys2-10A frameshift reversion assays and CAN1 inactivation assay). (B) Qualitative patch-test analysis using lys2-10A (-lysine) frameshift reversion assay in strains expressing WT-RNR1 or rnr1 mutant alleles from a low-copy number plasmid in an EXO1-WT rnr1Δ plasmid shuffling strain (HHY6551). Increased number of colonies (relative to WT) is indicative of a mutator phenotype. rnr1 mutant alleles causing a strong mutator phenotype in an EXO1-WT background were highlighted in red. In all plates an exo1Δ rnr1Δ strain, complemented with mutant rnr1-G271S plasmid (exo1Δ + G271S), was used as "mutator control". Supplementary Figure S2 cultures for the indicated genotypes (complemented by WT or mutant rnr1 plasmids), serially diluted and spotted into Leu-+5-FOA containing media. Images were taken after 4 days at 30 °C.
Supplementary Tables
Supplementary Table S1 . rNTP concentrations in strains expressing rnr1 mutant alleles on a centromeric plasmid. A-T à G-C 6 (6.5) 14 (14.9) 9 (9.4) 13 ( Mutation spectra analysis based on DNA sequencing of the CAN1 gene in independent Can R mutants, shown as the number of clones containing the indicated mutations, and in parenthesis as the percentage relative to the total. *In few cases (about 1-2% of the sequenced clones) two simultaneous CAN1 mutations (more than 100 bp apart) were found. These mutations were included in the analysis and considered as independent mutational events. † includes: multiple mutations within ten nucleotides, insertions or deletions of more than one nucleotide and duplication events. ‡ CAN1 mutation spectrum of WT strain was taken from (17).
Supplementary
Supplementary Table S6 . URA3 mutation spectrum in rnr1-I262V,N291D mutant strain. Mutation spectra analysis based on DNA sequencing of the URA3 gene independent 5-FOA R mutants, shown as the number of clones containing the indicated mutations, and in parenthesis as relative percentage. * In few cases (about 1-2% of the sequenced clones) two simultaneous URA3 mutations (more than 100 bp apart) were found. These mutations were included in the analysis and were considered as independent mutational events. † includes: multiple mutations within ten nucleotides, insertions or deletions of more than one nucleotide and duplication events. ‡ URA3 mutation spectrum of WT strain was taken from (42).
